This paper presents the structural, optical and photoluminescence properties of wet chemically synthesized ZnO: Pd 2+ colloidal nanocrystals characterised by X-ray diffraction, scanning electron microscopy/energy-dispersive X-ray spectroscopy (EDS) and Fourier transform infrared spectroscopic techniques. Increase in lattice parameters from diffraction data indicates the incorporation of Pd 2+ in the ZnO crystal lattice. A small amount of dopant favours the formation of stoichiometric ZnO nanoparticles; otherwise, non-stoichiometric nanocrystal formation was observed from the EDS data. The optical gap was found to decrease with the doping concentration, except for the small dopant level of 0.05% of Pd 2+ where an increase in the optical gap was observed. Intensities of characteristic luminescence bands for pure ZnO nanocrystals (357, 387 and 420 nm) were found to decrease with the increasing Pd 2+ concentration, and two new bands centred at 528 and 581 nm for 0.5% Pd 2+ concentration were observed. These results have been explained on the basis of change in the oxygen vacancy-related defects and/or formation of new trap states which in turn affect the luminescence properties of ZnO:Pd 2+ nanocrystals, which are important in the realisation of visible light-emitting solid-state devices.
Background
Transition metal-doped metal oxide nanocrystals have attracted considerable interest in the scientific community due to their unique optical and electro-optical properties. Among them, zinc oxide (ZnO) which has a wide bandgap (3.37 eV) and high exciton binding energy (60 meV) is a potential host material for doping transition metal ions [1] . Various theoretical and experimental studies on ZnO reveal a much wider scope in terms of nanocrystal shapes (wire, rod, cone and spherical), lattice structures, doping, surface modifications as well as synthesis conditions for tailoring the physical and optical properties of these nanocrystals [2] [3] [4] [5] . Various dopants such as transition metals, Mn, Fe, Co and Ni, and rare earth elements, Eu, Er and Tb, have successfully been incorporated into the colloidal semiconducting nanocrystals (ZnO) for tailoring their characteristic properties [6] . The resulting material combinations have novel magnetic properties, enhanced optical absorption, better luminescence effects and improved sensing response, which make them suitable for gas sensor device applications [7] . Pd 2+ -doped ZnO shows good stability to a wide range of chemical compounds along with enhancement in sensitivity and response time [8] [9] [10] [11] . CO gas sensing characteristics, such as sensitivity to low concentrations, selectivity and response and recovery times, were found to improve in Pd-doped ZnO nanofibers synthesized by electrospinning method [11] . Recently, it was reported that decorating ZnO nanorod arrays with Pd nanoparticles enhances the gas sensing characteristics due to the acceleration in sensing reaction [12] . The enhancement in gas sensing activity with the addition of Pd (5 at %) for ZnO nanostructures has also been reported by Gondal et al. [13] . The significance of Pd-doped nanostructures can be understood properly by knowing the effect of composition on various structure/property relationships. Therefore, in view of the importance of Pd doping, we are reporting the structural, optical and fluorescent properties of colloidal ZnO:Pd 2+ nanocrystals synthesized by wet chemical precipitation technique.
Methods
Pd-doped ZnO nanocrystals were grown by wet chemical method based on alkaline-activated hydrolysis and condensation of zinc acetate in dimethyl sulfoxide (DMSO) to form ZnO nanocrystals [7] . Analytical grade reagents without any further purification were used in this study. A 2.5-mmol solution of tetramethyl ammonium hydroxide mixed in dry ethanol (5 ml) was added dropwise to a solution of 0.1 M zinc acetate solution in DMSO (15 ml) under vigorous stirring at room temperature. The same method was also used for synthesizing the Pd-doped ZnO by varying the palladium acetate concentration (0.05, 0.1, 0.2 and 0.5 mol%) during the reaction. Synthesis with higher dopant concentrations resulted in a black residue with very little yield. Suspended nanocrystals were precipitated from DMSO by adding a non-solvent such as ethyl acetate (40 ml), and the nanocrystals were re-suspended in dry ethanol. The process was repeated three times, and the aggregates of pure ZnO and ZnO:Pd 2+ nanocrystals were airdried to get the final powders. For surface passivation, the known quantity of powders was added to the molten trioctylphosphine oxide (TOPO), stirred at 150°C for 1.5 h, then cooled, washed with ethanol and finally centrifuged repeatedly to remove the excess TOPO. The stabilised nanoparticles were finally suspended in toluene to form stable, high-optical-quality colloidal solutions for optical absorption and fluorescence studies.
The synthesized nanocrystals were characterised by Xray diffraction (XRD) (D8 Focus, BRUKER, Ettlingen, Germany) operated at 40 kV and 20 mA using Cu-K α1 radiation. Surface morphology and dopant concentrations were obtained by scanning electron microscopy/ energy-dispersive X-ray spectroscopy (SEM/EDS) (JEOL 6610 LV, JEOL Ltd., Akishima, Tokyo, Japan). Fourier transform infrared spectroscopy (FTIR) was used to study the molecular structure in the (4,000 to 400 cm −1 ) spectral region using the KBr pallet method (660 Varian Resolution, Palo Alto, CA, USA). Absorption spectra of the colloidal solutions in quartz cuvettes with an optical path length of 1 cm were collected using a UV-vis spectrophotometer (Lambda 35, PerkinElmerInstruments, Branford, CT, USA). Photoluminescence emission spectra at 350 nm of excitation energy were recorded using a fluorescence spectrometer (Lambda 45, PerkinElmer Instruments).
Results and discussion (002), (101), (102), (110), (103), (201), (112) and (200) for all samples are consistent with the wurtzite ZnO phase (JPCDS 36-1451). The crystallite size, determined from X-ray line broadening using Debye Scherrer's formula, was found to be 10.5 ± 1.5 nm for all samples. The broadening of the diffraction peaks indicates different crystal sizes which form different polycrystalline aggregates [14, 15] . The crystallite size and strain depend on the 2θ peak position which enables us to determine the effect of peak broadening using the Williamson-Hall (W-H) method [16, 17] :
The plot of 4 sinθ versus β cosθ taking (100), (002), (101), (102), (110) and (103) lattice planes corresponding to the wurtzite phase of ZnO are shown in Figure 2 . From the linear fit to the data, the crystallite size D was extracted from the y-intercept and the strain ε from the slope of the straight line. The strain is due to the incorporation of a dopant in the periodic lattice. The W-H plots show a negative strain for pure and Pd 2+ -doped ZnO nanoparticles which is an indication of lattice shrinkage [17] .
The effect of this strain can be evaluated by calculating the lattice parameters such as the interplanar spacing d, the lattice constants (a, b and c) and the unit cell volume V which were calculated from the lattice geometry equations as given below [17] :
The obtained lattice parameters along with particle size for different samples are summarised in Table 1 . Similar values of the lattice parameters have been reported for the undoped ZnO nanoparticles [17] . It has been observed that the lattice parameters (a and c) increases with the increase in dopant concentration. Pd ions substitute for the isovalent Zn ions at the octahedral interstitial site as compared to the tetrahedral site without significant lattice distortion in the ZnO crystallites [18] . The variation in lattice dimension with Pd 2+ content preliminarily implies that Pd 2+ was substituted for Zn 2+ in ZnO; the detailed effect on optical properties will be discussed later in this paper.
The SEM images and EDS spectra for the assynthesized nanocrystals are shown in Figure 3 , and the relative atomic compositions for each sample are summarised in Table 2 . The R values, i.e. the ratio of number of anions to cations (O 2− /(Zn, Pd) 2+ ) for a given sample, are also tabulated. It is observed that for small dopant concentrations (0.05% Pd 2+ ), the samples were near stoichiometric. Figure 4 shows the FTIR spectra of pure and doped ZnO:Pd 2+ nanocrystals. The peak at 3,370 ± 20 cm −1 can be assigned to O-H stretching mode for the adsorbed atmospheric moisture, and at about 1,500 cm
, the C=O stretching mode arises from the absorption of atmospheric CO 2 on the surface of the nanoparticles [19] . -doped ZnO nanocrystals, respectively. The change in the peak position of ZnO absorption band reflects that the Zn-O-Zn network is perturbed by the presence of Pd 2+ in its environment [20, 21] . Therefore, the FTIR results also indicate that Pd is occupying the Zn position in the ZnO matrix as observed in XRD measurements. Figure 5 shows the optical absorption spectra for TOPOcapped ZnO:Pd 2+ nanocrystals at room temperature. The two prominent excitonic absorption peaks at 303 and 363 nm for ZnO nanoparticles were blue-shifted as compared with the bulk exciton absorption peak of ZnO (373 nm) which is due to the quantum size effects in nanocrystals [21, 22] . The variation of (αhv) 2 versus photon energy (hv) for the synthesized nanocrystals is plotted in Figure 6 . The optical gap (E g ) is estimated from the intercept of the extrapolated linear portion of the curve, and the values are summarised in Table 1 . The value of optical gap increases to 3.23 eV (0.05% Pd) from 3.17 eV (for pure ZnO nanocrystals) and then decreases to 2.96 eV for 0.5% of Pd dopant. The structural modifications along with the improved crystallinity give rise to an increase in the Tauc's slopes or decrease the tailing; hence, there is an increase in the optical gap for a small amount of dopant in ZnO nanocrystals [23] . The small dopant also improves stoichiometry (i.e. ), and further addition of dopant causes a deviation in stoichiometry due to the formation of oxygen vacancies in the synthesized nanocrystals. Thus, the red shift in the optical absorption edge can be explained on the basis of the increase in the defect density due to the formation of oxygen vacancies in doped ZnO nanoparticles and/or due to the effects of crystal-field splitting of 3d energy levels on the electronic transitions involving Pd 2+ ions substituting the Zn 2+ lattice sites. The fluorescence spectroscopy was generally used to elucidate the nature of traps/vacancies formed with the incorporation of dopants. The type of vacancies formed depends upon the synthesis conditions and techniques used [24] . The room temperature luminescence spectra for colloidal solution of ZnO:Pd 2+ nanocrystals at 350 nm of excitation energy are shown in Figure 7 . Four luminescence peaks centred at 382, 413, 436 and 465 nm have been observed for the TOPO-capped ZnO nanocrystals. Generally, three emission bands are observed for ZnO nanocrystals [25] . The first band centred at 357 nm indicates band-to-band transition, the second band at 387 nm is for the radiative recombination of an electron and a hole, i.e. the excitonic emission [26] and the third emission at 420 nm may be attributed to the interstitial oxygen [25] . The luminescence at 435 nm may be due to the formation of Zn interstitial defect [27] . A blue luminescence at 465 nm which is normally not observed for ZnO nanocrystals may be due to impurities introduced during the course of preparation and can be attributed to the intrinsic defects such as O or Zn vacancies to valence band transition [28] .
The incorporation of dopant significantly affects the shape and position of the luminescence spectrum with the formation of new bands at 528 and 581 nm for 0.05% Pd contents. This visible luminescence can either be ascribed to the formation of intrinsic oxygen vacancy defect states (Vo 0 , Vo + and Vo 2+ ) or Zn interstitials for ZnO nanocrystals [29] . The oxygen vacancies are located below the bottom of the conduction band (CB) as Vo 0 , Vo + and Vo 2+ , from top to bottom. Thus, the green emission around 528 nm may be due to the recombination of a photogenerated hole with the singly ionised charged state of the specific defect [30, 31] . On the other hand, the shallow accepter levels at 0.3 eV above the top of the valence band are due to the zinc vacancy, and donor levels at 0.5 eV below the bottom of the CB are due to Zn interstitials which have been reported from the first principle calculations [30] . As the Pd 2+ concentration increases, the intensity of the green emission also increases, indicating an enhancement in the singly ionised oxygen vacancy (Vo + ) in doped ZnO nanocrystals. The detailed mechanism for defect-mediated green emission for ZnO nanoparticles has been discussed elsewhere [32] . Similarly, the luminescence band at approximately 581 nm can be due to the dominance of other intrinsic defects or the incorporation of Pd 2+ into the ZnO lattice which perturbs its band structure to form a discrete energy level within the bandgap. Therefore, it seems that the dopant incorporation controls the various aspects of the recombination process and favours the radiative transitions from the oxygen vacancies/trap levels in the bandgap to give a broad visible luminescence for the Pd 2+ -doped ZnO nanocrystals.
Conclusions
The alkaline-activated wet chemical method has been successfully utilised for the synthesis of colloidal ZnO:Pd 2+ nanocrystals at room temperature. It has been found that the dopant Pd 2+ ions substitute for the Zn ions, without changing their wurtzite structure of the nanocrystals. The lattice parameters for the wurtzite phase of ZnO increase with the increase in dopant levels as 1.24 to 3.49 at.% of Pd. The optical gap initially increases with small doping (0.05% of Pd
2+
) and decreases with further addition of Pd 2+ thereafter. Three characteristic luminescence bands at 357, 387 and 420 nm were observed for pure ZnO nanocrystals. New dominant bands centred at 528 and 581 nm for 0.5% of Pd 2+ -doped ZnO nanocrystals were observed. These results were attributed to the change in oxygen vacancyrelated defects and/or formation of new trap states which effectively controls the luminescence properties of the doped nanocrystals which is an effective technique for modulating their optical properties.
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